The 180,000 base pair (bp), covalently closed, linear duplex DKA genome of vaccinia virus contains a 10,000 bp Inverted terminal repetition within which are one set of 13 and one set of 18 tandem 70 bp repeating units. A 967 bp segment containing the innermost 70 bp repeat and an adjacent region notable for a scarcity of restriction endonuclease sites has been sequenced. This was facilitated by the cloning of TagI and partial TagI fragments in pBR322. We found that the innermost 70~bp repeat overlaps one of two adjacent 125 bp repeats, following which are eight repeats of 54 bp, parts of 54 bp and 70 bp repeats, and four consecutive 6 to 7 bp repeats. The 70, 125, and 54 bp repeating units have extensive sequence homologies and redundancies that suggest evolution by unequal crossing over. Schemes whereby unequal crossovers of 54 bp repeats lead to a recombinant segment 86% homologous to the 125 bp repeat and unequal crossovers of 125 bp repeats lead to a recombinant segment 94% homologous to the 70 bp repeat were considered. This propensity for sequence divergence should provide a useful marker for comparing the relatedness of poxviruses.
INTRODUCTION
Vaccinia virus contains a double-stranded DNA genome that is approximately 180,000 base pairs (bp) long with covalently linked ends (1) and a 10,000 bp inverted terminal repetition (2, 3). Recently, the ends of the DNA have been shown to consist of hairpin loops so that the two DNA strands form one continuous polynucleotide chain (4). The 104 nucleotide apex of the loop is A-T rich, incompletely base-paired, and exists in two isomeric forms that are inverted and complementary in sequence to each other (4). Another distinguishing feature of the Inverted terminal repetition 1s the presence of one set of 13 and one set of 18 tandem 70 bp repeats (5). These repeats start 87 bp from the proximal end of the loop and are interrupted by a unique sequence of 325 bp (4). A scarcity of restriction endonuclease sites within a 600 bp segment proximal to the second set of 70 bp tandem repeats suggested the presence of other short repeating units or unusual structures.
In the present communication, we show that the set of 18 tandem 70 bp repeats is followed by two tandem 125 bp repeats, eight tandem 54 repeats, parts of a 54 bp and a 70 bp repeat, and four tandem 6 to 7 bp repeats. A comparison of their nucleotide sequences suggests that the 125 bp and 70 bp repeats evolved by unequal crossing over of 54 bp repeats or their precursors.
MATERIALS AND METHODS
The recombinant pAG5 (4), containing the EcoRI-Sall end fragment of vaccinia virus DNA (strain WR), served as a source of DNA. A 768 bp fragment obtained by complete digestion of pAG5 with TagI was inserted into the unique Clal site of pBR322. Transformants were selected for ampicillin resistance and screened for tetracycline sensitivity and by colony filter hybridization (6) using the 32 P-labeled TagI fragnent. One of these recombinants was named pBGlO ( Fig. 1 ) Recombinants containing Tagl-SaU fragments of vaccinia DNA were constructed in the following manner. First, the BstEII-Sail fragment (Fig. 1 End labeling of DNA fragments was carried out as described (4). The chemical degradation method of Maxara and Gilbert (8) was used for sequencing on thin polyacrylamide gels (9). Molecular weight markers were run on the gels to properly align the tandemly repeating sequences. The 967 bp seguence of this region, starting with the indicated TagI site, is shown in Fig. 2 . The first 70 bp represents the innermost of the tandem 70 bp repeating units and is identical to the seguence obtained for repeats in the first set (4). This is followed by a related seguence that can be organized into two tandem 125 bp repeats, the first of which partially overlaps the 70 bp repeat. Following these are eight tandem 54 bp repeats. The absence of restriction endonuclease sites in the latter accounts for our inability to cleave this segment of the vaccinia genome. After the last complete 54 bp repeat, the first 15 nucleotides of that seguence are followed by a 36 bp seguence that is homologous to a portion of the 70 bp repeat, and then by AGGAAAT followed by three consecutive AGGAAT repeats. The latter were previously identified near termination sites of an mRNA mapped immediately proximal to this region (10).
RESULTS

Several
It is important to point out that restriction fragments of independently isolated recombinants were siailar or identical in size to those of virion DNA indicating no detectable alterations in the numbers of repeats during cloning.
DISCUSSION
Comparison of the nucleotide seguences of the 54, 70, and 125 bp repeats Similarly, a single crossover between a long homologous sequence of two 125 bp repeats would lead to a hypothetical 70 bp structure that has only four Hi snatches with the 70 bp repeat (Fig. 3B) . These homologies are particularly impressive given the opportunities for the three repeating sequences to evolve separately after their generation. Alternative schemes for the generation of 70 bp repeats by unequal crossovers between 54 bp repeats also can be made.
Apparently, unequal crossovers occasionally occur between the first and second sets of 70 bp repeats (12) . This leads to a highly unstable genome structure with tandem repeating units composed of entire sets of 70 bp repeats and the adjacent 325 bp intervening region.
Previous studies suggested that the terminal repetitive regions of the vaccinia virus genome are not transcribed (10, 13) although recent data of S. Venkatesan (personal communication) Indicate that some mRNA 3' termini extend into this region. Considering the three possible translational reading frames for each strand of the 967 bp repetitive sequence, one devoid of stop codons for 717 nucleotides was found. However, the absence of any ATG initiation triplets in this reading frame precludes its expression.
Although the functions, if any, of the repeats have not been determined, their propensity for sequence divergence should provide a discriminating marker for evaluating the relatedness of poxviruses. In addition, the DNA sequence of related poxviruses might provide information regarding the evolution of the tandem repeats. Preliminary hybridization experiments indicate that sequences with homology to 70 bp repeats of vaccinia virus are present near the ends of rabbitpox and cowpox viruses (E. Winters and B. Moss, unpublished).
